10

11

12

13

14

15

16

17

18

Pappa2 deletion alters I GFBPs but haslittle effect on glucose disposal or adiposity
Julian K. Christians, Amrit K. Bath and Neilab Amir
Department of Biological Sciences, Simon Frasewensity, 8888 University Drive, Burnaby,

BC, V5A 156, Canada

Corresponding author:

Julian Christians

Department of Biological Sciences

Simon Fraser University

8888 University Drive, Burnaby, BC V5A 1S6
Phone: 778-782-5619

e-mail: jkchrist@sfu.ca

Short title: Effects oPappa2 deletion on metabolism



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Abstract

Objective

Insulin-like growth factor binding proteins (IGFBRa&e involved in glucose and lipid
metabolism, and their actions are modulated byejs®s. The aim of this study was to examine
the effects of an IGFBP-5 protease, pregnancy agsdgplasma protein -A2 (PAPP-A2), on
glucose metabolism and susceptibility to diet-iretiobesity.

Design

Postnatal growth, circulating IGF-1, IGFBP-3 and~EP-5 levels, and glucose tolerance were
measured ifPappa2 deletion mice and littermate controls on a chogt.dMales were
subsequently fed a high-fat diet for 8 weeks tosneaweight gain and adiposity, as well as
glucose tolerance in response to a metabolic cigdle

Results

Circulating IGFBP-5 levels were ~2-fold higher inaaiwith no functional PAPP-A2 than in
littermate controls, as expected. In contrastutating IGFBP-3 levels were reduced by ~15-
fold, and total IGF-I levels were ~60% higheHappa2 deletion mice. There was no effect of
Pappa2 deletion on fasting blood glucose levels or glecoearance after intraperitoneal
injection of 2 g glucose/kg body weight in miceaohow diet. In males on a high-fat diet, there
was no difference between genotypes in weight gaadiposity, adjusting for differences in
initial body weight, or in fasting blood glucoseinsulin levels, or in glucose clearance.
Conclusions

Despite a dramatic disruption of the balance betvegeulating IGF-1, IGFBP-3 and -5, we
found no effects oPappa2 deletion on glucose metabolism, weight gain opasity on a high-

fat diet.
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Abbreviations

ALS: acid-labile subunit

AUC: area under the curve

GTT: glucose tolerance test

HFD: high-fat diet

IGF: insulin-like growth factor

IGFBP: insulin-like growth factor binding protein
PAPP-A2:pregnancy associated plasma protein -A2

piIAUC: positive incremental area under the curve
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I ntroduction

Insulin-like growth factors (IGFs) and their bindiproteins (IGFBPs) play roles in diverse
processes including glucose metabolism and thdatguo of adiposity [1-3]. IGFBPs not only
sequester IGFs, reducing their availability, bgsbatxtend their half-life and in some cases have
IGF-independent effects [1, 2, 4]. As a result,thsous IGFBPs are not interchangeable. For
example, overexpression of IGFBP-1 causes hypeggiieand impairs glucose tolerance in
mice [5] whereas overexpression of IGFBP-2 canrsavdiabetes in mice [6], although this
effect may be pharmacological [7].

IGFBPs are regulated by proteolysis [8]. Pregnasspciated plasma protein -A2
(PAPP-A2) is a protease of IGFBP-5 [9] that haslsadied in the contexts of pregnancy [10-
14] and postnatal growth [15-17]. Whether PAPP-A2/p a role in the regulation of glucose
metabolism and adiposity is unknown, but recenAyP-A2 was found to be secreted in
response to glucose in a model of murine pancréate cells [18]. Furthermore, placental
expression of PAPP-A2 is greatly downregulated moaise model of diabetic pregnancy [19].
PAPP-A2 is expected to influence IGFBP-5 levelstigh proteolysis, but might also influence
IGFBP-3 levels indirectly, since there appearsd@link between circulating levels IGFBP-5
and IGFBP-3. Serum IGFBP-3 is elevatedgfibp5 null mice [20], and serum IGFBP-5 is
elevated ingfbp3 null mice [21], whereas overexpressiorn gfbp5 reduces serum IGFBP-3 [22,
23]. It has been suggested that the inverse rakttip between IGFBP-3 and -5 is not due to
compensatory expression, but rather that elevatezld of one IGFBP leads to sequestration of
IGF-1 and/or acid-labile subunit (ALS) from the etHGFBP, rendering it susceptible to
accelerated degradation [21, 24]. This competitlationship would be particularly acute for

IGFBP-3 and -5 since they are the only IGFBPs whicld to ALS [25].
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Numerous transgenic mouse studies have invediglateeffects of IGFBP-3 and -5 on
glucose metabolism and adiposity. Deletionghbp5 results in hyperglycemia, slightly reduced
glucose clearance in a glucose tolerance test (Gint) increased adiposity on a high-fat diet
[26]. Deletion ofigfbp3 has no effect on fasting glucose levels and gleictsarance when mice
are fed normal chow [21], but on a high-fat digtbp3 null mice are hyperglycemic with normal
glucose clearance and have less white adiposetisan controls [27]. Triple knock-out mice
with deletion ofigfbp3, 1gfbp4, andlgfbp5 have enhanced glucose clearance in GTT, reduced
fasting blood glucose and reduced fat pad weigBit |2 contrast)gfbp3 overexpression leads
to fasting hyperglycemia, impaired glucose cleaeandGTT and, at least in one line, increased
adiposity [29-31]. Because deletionRdppa2 would be expected to increase IGFBP-5 levels,
but potentially reduce IGFBP-3 levels indirecthg, iole in metabolism is impossible to predict.
To our knowledge, no study has examined the efte#fdigfbp5 overexpression on glucose
metabolism or adiposity.

The goal of this study was to examine whether awleif Pappa2 affected the
circulating levels of IGFBP-5 and -3 and, if so,attrer the change in the balance of IGFBPs
affected glucose metabolism and susceptibilityiéd-thduced obesity. In addition to measuring
glucose tolerance on standard chow, we also mehglueose tolerance and adiposity on a
high-fat diet to determine whether there were gredifferences between genotypes in response
to a metabolic challenge [26, 27]. Since constiriappa? deletion mice are smaller than wild-
type [16], we also used a mouse model in witappa2 was inactivated in adulthood to

examine the relationship between circulating IGFB&hd -5, independent of body size.

Materials and methods
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Pappa2 deletion mice

All work was carried out in accordance with thedglines of the Canadian Council on Animal
Care and approved by the SFU University Animal G2oenmittee (protocol 1035B-11). Mice
were group-housed in individually ventilated ca@#s air changes/hour; max. 5 mice per cage)
on a 12:12 hour light:dark cycle, at constant terajee (21 + 1 °C), 50% humidity, with water
and food (described below) availalalelibitum. Conditional PAPP-A2 deletion mice with a
C57BL/6 background were generated as previouslgriesl [16], such that mouse exon 2
(homologous to human exon 3) and a PGK-Neo selecgsette were flanked by LoxP sites
(i.e., “floxed”). Since this previous work, the selion cassette was removed by FLP-FRT
recombination to produce a floxed allele with nteston cassettePappa2”) and theFlp
transgene was removed by further breeding. Furtbexnin mice carrying the constitutive
Pappa2 deletion allele Pappa2“©), theCre transgene was removed by additional breeding . We
have previously shown that PAPP-A2 protein is ueckaible in placentae homozygous for the
deletion allele, despite being abundant in wildetypice [16].

In the present study, the conditional allele wasduss the control for the deletion allele;
there is no difference in postnatal weight gaineein mice homozygous for tRappa2” allele
and littermates homozygous for the wild-type allglescribed below). Mice heterozygous for
the conditional and constitutiRappa2 alleles Pappa2"’“°) were paired to produce litters in
which all three genotypes were present (Pappa2™™, Pappa2™*®, Pappa2<“©). Mice were
weaned at approximately three weeks of age andtanagd on breeding chow (Prolab RMH
2000 5P0623% kcal from fat, LabDiet, St. Louis, MO) untiM@eeks of age, when they were
switched to normal chow (5001, 13.5% kcal from fafyDiet, St. Louis, MO). Mice were ear-

clipped at weaning and extraction of DNA and PCRaggping were performed by standard
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methods. Primer sequences are as follows: KO_[me€ AGCAAAGGAAATTTGTGCT-3)),
KO_exon2 (5-GGTCAAATGAAACTTCCCTCC-3'), KO_dist2 {5
CTCTTGCATGCCTCCACTAC-3)).

Male and female mice were blood sampled from tiphesaous vein at 6 weeks of age for
measurement of circulating IGF-I, IGFBP-3 and IGFBRvels (N= 12-17 per genotype), and
glucose tolerance testing was performed at 11 wek&ge (N= 17-29 per genotype). Body
weight and tail length were measured at 3, 6, IDlahweeks of age (N= 32-57 per genotype).
Mice were fed a high-fat diet (45% kcal from fatl2151, Research Diets, New Brunswick, NJ)
from 17 weeks of age until 25 weeks of age, wheage tolerance tests were performed and
mice were culled (N= 10-11 per genotype). The Hagidiet experiment used only male
heterozygotes and homozygous deletion mice Rappa2™*° andPappa2t“*®) since females
and male homozygous for the floxed allele were dsedther experiments. In previous studies,
the effects oPappa2 deletion on postnatal growth have been found todmepletely recessive
[16], and in the present study we also found es$fect circulating IGF and IGFBPs to be mostly
recessive (described below). In almost all caséisdrigh-fat diet experimer®appa2<?'k©

males were matched wifPappa2™ © littermates, with siblings kept in the same cageughout

the experiment, precluding the collection of indival food consumption data.

Adult-specific Pappadieletion mice

Adult-specificPappa2 deletion was achieved by crossing conditional dmemnice Pappa2’™)
to mice with tamoxifen-inducibl€re recombinase expression (hereafter referred @ras
ERT2; Jackson Laboratory stock number 008085). Regudiffspring carrying the transgene

(Pappa2™™: Cre-ERT2) were mated to mice heterozygous for the condifialiele Pappa2™™)
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and the body weight and tail length of offspringeeeasured at 3, 6, 10, 14 and 18 weeks of
age (N= 10-22 per genotype, with 6 genotypes: tReppa2 genotypes, each with or without
the Cre-ERT2 transgene)Pappa2 genotype was determined as described above, ®a&ERT2
transgene genotype was determined using two pipeies recommended by the Jackson
Laboratory: one to amplify a fragment of the trasrsgand another to amplify a positive control
fragment to confirm that the PCR was successfum@&rsequences are as follows: Cre_A (5'-
GCGGTCTGGCAGTAAAAACTATC-3’), Cre_B (5-GTGAAACAGCATGCTGTCACTT-

3'), Cre_+ve A (5-CTAGGCCACAGAATTGAAAGATCT-3), Ce_+ve B (5'-
GTAGGTGGAAATTCTAGCATCATCC-3).

Offspring homozygous for the wild-type allele oetthoxed allele and that carried the
transgeneRappa2™; Cre-ERT2 or Pappa2™; Cre-ERT2) were treated with tamoxifen (Sigma-
Aldrich) in corn oil at a dose of 75 mg / kg bodgight by intraperitoneal injection once per day
for 5 consecutive days, as validated by the Jackaboratory for thi<re line. Mice were
between 18 and 27 weeks of age (median age: 20syvatthe time of the first tamoxifen

injection, and were blood sampled 7 weeks later {14 per genotype).

Glucose tolerance tests and measurement of fat depots

Glucose tolerance tests were performed after aubfiagt on unanesthetized animals [32, 33].
Mice were given an intraperitoneal injection of 2Q¥%cose at a dose of 2 g D-glucose/kg body
weight [34], and blood sampled from the saphenaus at 0, 15, 30, 60 and 120 minutes after
injection. Blood glucose levels were measured uam@lphaTRAK 2 glucometer (Abbott,
lllinois). A plasma sample taken immediately prioiglucose challenge was frozen for

measurement of insulin. All glucose tolerance tesre performed at the same time of day. For
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mice on a high-fat diet, the glucose dose was basdzbdy weight at the initiation of the high-
fat diet as a proxy for lean body weight, to reduagation in the glucose dose per weight of
lean tissue [32].

Mice on a high-fat diet were sacrificed the daydaing the glucose tolerance test and
frozen. Mice were later thawed and the gonadaippetitoneal, mesenteric, and omental fat
depots were removed, and dried to a constant weltieise four depots were selected since

visceral fat is associated with risk of diabetes][3

Enzyme linked immunosor bent assays (ELISA)

Plasma levels of IGF-1, IGFBP-3, IGFBP-5 were meadun triplicate by species-specific
ELISA (MG100, MGB300, and DY578, respectively, R&ystems, Minneapolis, MN) at
dilutions of 1:500, 1:300 and 1:75, respectivelaska insulin was measured in triplicate by
species-specific ELISA (90080, Crystal Chem, Dowr@rove, IL) in undiluted samples.
According to the manufacturer, these ELISAs showgigaificant cross-reactivity with related

mouse proteins (including other IGFBPS).

Quantitative PCR
We measuretgfbp3 andlgfbp5 transcript levels in ®appa2™ (4 females and 4 males) and 7

a2k?’® (3 females and 4 males) mice. Males were colleotteveer?0 and 27 weeks of

Papp
age and females were collected between 24 and 8Rsvweé age. A sample of kidney and liver
were dissected immediately after sacrifice andestan RNAlater (Ambion, Foster City, CA).

We measured mRNA levels in kidney and in liver lusehgfbp3 expression is particularly

strong in these tissues [36, 37]. Tissue was homningé at room temperature in 600 of
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buffer RLT (Qiagen, Ontario, Canada) using peslas Qiashredders (Qiagen, Ontario, Canada)
and total RNA was extracted using the RNeasy Minj®iagen, Ontario, Canada). RNA
concentration was determined using a Nanodrop sydeitometer (Thermo Fischer Scientific
Inc. Waltham, MA), and each sample was diluted fioa concentration of 50 ngl.. A

reference sample was prepared by combining sarapkésvas included in every assay to
account for variation between assays. Leve)g-adtin were also measured as a reference.
Primer sequences were obtained from [23] and afellasvs: 1gfbp3: 5'-
CCAGAACTTCTCCTCCGAGTCTAAG-3 and 5'-CTCAGCACATTGAGBACTTCAGAT-

3’; Igfbp5: 5'-AGATGGCTGAAGAGACCTACTCC-3 and 5'-
GCTTTCTCTTGTAGAATCCTTTG-3';4-actin: 5-CAGGTCATCACTATTGGCAACGAG-3
and 5-ACGGATGTCAACGTCACACTTCAT-3'. The qScript ltep SYBR Green qRT-PCR

kit (Quanta Biosciences Inc. Gaithersburg, MD) waed to reverse-transcribe and amplify each
sample for 40 cycles. At each cycle, the amouffiuofescence was quantified using a
miniOpticon (Bio-Rad, Hercules, CA), and the cyatavhich the signal rose above a fixed
threshold (Ct) was determined. Each sample waysedln duplicate. We used the method of
Pfaffl [38] to calculate mMRNA expression levels Fgfbp3 andigfbp5, relative to the reference
sample, e.g., a value of 1.5 indicates a sampl&bd#smore of a particular transcript than the

reference sample, correcting factin.

Satistical analyses
All statistical analyses were performed using gahi@rear models (proc GLM) or repeated
measures analyses (proc MIXED) in SAS, Version(8AS Institute Inc., Cary, NC). Terms

included in the models are described in the teytiré legends and footnotes to the tables.

10
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Results

Postnatal growth

Mice homozygous for thBappa2 deletion were lighter than littermates heterozygou
homozygous for the floxed (i.e., intact) allele8a6, 10 and 14 weeks of age (Fig. 1A,
Supplementary Table 1), as previously observed eoimp homozygous deletion mice with
wild-type mice [16]. As in previous work comparidgletion and wild-type mice, the phenotype
of heterozygotes was closer to that of homozyglmxefl mice (Supplementary Table 1) and

homozygous deletion mice were significantly smaii@hin each sex (data not shown).

Circulating levels of IGFBP-5, IGFBP-3 and IGF-I
As expected, circulating IGFBP-5 levels at 6 weakage were significantly higher in mice with
no functional PAPP-A2 than in littermates with ardwo floxed alleles (Table 1). While the

KOIKO
a2

mean IGFBP-5 level in heterozygotes was signifigagitferent from bothPapp. and

Pappa2"™ mice, it was closer tBappa2™™ levels. In contrast, circulating IGFBP-3 levelsreve

dramatically lower irPappa2<“’®

mice, with heterozygotes significantly differemarh both
Pappa2“?*° andPappa2™ mice, but much closer to the latter (Table 1).

Total IGF-I levels were significantly higher Rappa2<“*® mice, with levels in
heterozygotes not significantly different frdPappa2™ levels (Table 1). For circulating IGF-I
or IGFBP-3 levels, the genotype by sex interactias not significant, and there was no
difference between the sexes (data not shown)pnirast, the genotype by sex interaction was

significant for IGFBP-5 levels ghs= 3.42, P = 0.047), although in each sex analgspdrately,

circulating IGFBP-5 was significantly higher in homygous deletion mice (data not shown).

11
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There was also a significant effect of sex, witlcwdiating IGFBP-5 levels significantly higher in
females (25 = 12.84, P = 0.0013; least squares means: m&ést B ng/mL; females: 147 + 3

ng/mL).

Igfbp3 and Igfbp5 expression in liver and kidney

We tested whethegfbp3 expression was altered in the liver or kidneyajppa2 deletion mice.
At cull between 21 and 32 weeks of age (median 2geveeks), circulating IGFBP-5 and
IGFBP-3 were still higher and lower, respectivetyPappa2 deletion mice, as observed at 6
weeks of age (Table 1). However, there was no edfieeappa2 deletion ongfbp3 or Igfbp5
expression at the mRNA level in either the kidneyhe liver (Table 1). The genotype by sex
interaction was not significant for any of the tsaneasured at cull (P > 0.05), and there was
only a significant effect of sex for circulating FBP-5 levels and liveligfbp5 mRNA. As at 6
weeks of age, circulating IGFBP-5 levels at cultevsignificantly higher in females {l, =
13.87, P = 0.0029; males: 92 + 6 ng/mL; female3: 47 ng/mL), as was livdgfbpS mRNA
(F112=17.94, P = 0.0012; males: 1.1 + 0.3; females+3.4; mRNA units are fold-difference

compared to a reference sample and correcteghdotin).

Adult-specific Pappa2ieletion

To investigate the effects Bbppa2 deletion on circulating IGFBP-3 and -5, indeperidgn

body size, we generated mice in whiRdppa2 was inactivated during adulthood by tamoxifen-
inducedCre-mediated recombination. Prior to tamoxifen adntraison, there was no effect of
Pappa2 genotype or the presence of thee transgene on body weight at 3, 6, 10, 14 or 1&wee

of age (Fig. 1B; Supplementary Table 2). The laicihenotypic difference betwedappa2™"

12



262 andPappa2"™ littermates supports the useRsppa2™™ mice as controls fdPappa2“®° mice.
263  Seven weeks after the first tamoxifen injectiomréhwas no difference in body weight between
264 Pappa2™ andPappa2"™ mice carrying the tamoxifen-inducib@re transgene (F14= 0.80; P =
265 0.39; Table 2). Circulating IGFBP-5 levels did nidter between genotypes (= 2.69; P =

266  0.12; Table 2), although the average value wasehishadult-specific deletion mic®gppa2"™)
267 than in tamoxifen-treated wild-type midéa(opazv"”""‘), as expected. As in constitutive deletion
268  mice, circulating IGFBP-5 levels were significantligher in females than in males (&=

269 22.92; P =0.0003; males: 82 + 16 ng/mL; femal@€: 2 15 ng/mL). Despite the lack of an

270  effect on IGFBP-5 levels, circulating IGFBP-3 levglere significantly lower in adult-specific
271 deletion mice than in tamoxifen-treated controls,(= 13.41; P = 0.0026; Table 2), indicating
272 that the effect oPappa2 deletion on circulating IGFBP-3 is independenbofdly size. However,
273 the reduction in IGFBP-3 levels in adult-specifedetion mice was much smaller than that in the
274  constitutive deletion mice, potentially becaus@ocbmplete inactivation dPappa2 (Fig. 2).

275  Circulating IGFBP-3 levels did not differ betwedretsexes (F4=0.02; P = 0.90).

276

277  Glucose tolerance tests on chow

278  We analysed blood glucose levels using a generaditimodel including effects 8ppa2

279  genotype, sex, genotype by sex interaction, anchijae., the day on which the glucose

280 tolerance test was performed, to account for vandtetween test days). The genotype by sex
281 interaction term was not significant at any timénpand so was removed from the model, i.e.,
282  there was no evidence of sex-specific effectBapipa2 genotype.

283 On a chow diet, baseline blood glucose levels diddiffer amongPappa2 genotypes

284  (F258=0.09; P =0.92; Table 3), and were significahiyher in males than females, gs=

13
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6.61; P = 0.01; males: 9.8 + 0.2 mmol/L; female®:©0.2 mmol/L). Glucose levels did not
differ betweerPappa2 genotypes at any point after glucose injection.(B&y). However, the
variation among genotypes was marginally non-siggaift at 15 minutes after injectiony(ds =
3.05; P =0.06) (Fig. 3A). There was no differeanogongPappa2 genotypes in the area under
the curve (AUC) (EFs4=0.76; P = 0.47; Table 3), or the positive inceatal area under the
curve (i.e., the area under the curve, but abowddseline level, piAUC) ¢5,=0.91; P = 0.41;
Table 3). Males had a higher AUC than females{E 8.03; P = 0.006; males: 30.7 £ 0.5
mmol*hour/L; females: 28.5 + 0.6 mmol*hour/L), bpiUC did not differ between the sexes

(F154=0.92; P = 0.34; males: 11.4 = 0.5 mmol*hourgmfales: 10.7 £ 0.6 mmol*hour/L).

Glucose tolerance tests, weight gain and fat depots on high-fat diet

We fed maléPappa2“®“° andPappa2™*® mice a high-fat diet to determine whether thereawe
greater differences between genotypes in responsenetabolic challenge. Weight gain and
relative weight (gain expressed as percentagetddliweight) were analysed by repeated
measures analysis using the MIXED procedure (SRSRAS Institute) and individual mouse as
the subject. The difference between genotypes igagisant in the repeated measures analysis
for both weight gain (Fig=77.11; P < 0.0001) and body weight as a pergertéinitial weight
(FL10= 28.84; P < 0.0001). On a high-fat diegppa2“““° mice gained significantly less weight
thanPappa2™® mice in absolute terms, and in terms of body weégha percentage of weight at
the initiation of the high-fat diet (Fig. 4A, B).dwever, there was no difference between
genotypes in body weight after 8 weeks on the feglaiet (F 1= 1.37; P = 0.26), controlling

for body weight at the initiation of the high-faetlin a general linear model, i.e., the

14
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relationship between initial and final weight folled the same pattern for both genotypes (Fig.
5A). This suggests that the difference in abschmte proportional weight gain was due to the

a2k’O mice, and not to a difference in metabolism betwee

lower starting weight oPapp
genotypeper se.

We analysed differences in the weights of fat depetween genotypes in three ways:
absolute weight, weight as a percentage of bodghweand controlling for body weight as a
covariate in the model. The absolute weights ofgitveadal and retroperitoneal fat depots and

the total weight of the fat depots were signifitgfawer in Pappa2<®®

mice, while the weight

of the omental fat depot was marginally non-sigifitly lower inPappa2“®“° mice, and the
weight of the mesenteric fat depot did not diffetveeen genotypes (Table 4). As a percentage of
body weight, the retroperitoneal fat depot wasificantly smaller inPappa2““*° mice, but

there was no significant difference in the othgrate (Table 4). As a percentage of body weight,

a2k’O mice, but this difference was

total weight of the fat depots tended to be lowd?Papp.
marginally non-significant (P = 0.07) (Table 4).wkver, controlling for body weight as a
covariate in the model, the only significant diflace between genotypes was in the weight of
the mesenteric fat depot, which was highePappa2““*° mice. As with gains in body weight,
the relationship between total fat weight and baeyght followed a similar pattern for both
genotypes (Fig. 5B), suggesting that the differandeody fat was due to the lower weight of

a2“?“® mice, and not to a difference in metabolism betgenotypes

Papp
On a high-fat diet, there was no difference amBagpa2 genotypes in fasting baseline

blood glucose (F19=0.18; P = 0.67; Table 3) or insulin levels {&= 0.00; P = 0.99; Table 3).

As expected, older (25 week old) mice on a highdfat had an impaired response to the glucose

challenge compared with younger (11 week old) micehow, with a higher peak in blood

15
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glucose and higher blood glucose two hours affection (Fig. 3). The glucose dose was based
on their weight at the initiation of the high-faet and therefore these mice actually received a
lower dose of glucose per actual weight compared thie mice on chow. Glucose levels did not
differ betweerPappa2 genotypes at any point after glucose injectiog.(BB), and there was no

difference in AUC or piIAUC betwedpappa2 genotypes (P > 0.5 in both cases; Table 3).

Discussion
IGFBP proteases add another layer of complexitheaoles of the IGFs and IGFBPs in
metabolism since they not only decrease the |lefdlseir target(s), but may indirectly increase
the levels of other IGFBPs and/or trigger effedtdG#BP proteolytic fragments. We
investigated the effects of deleting an IGFBP-S¢meePappa2, and found that circulating
IGFBP-5 levels were increased, as expected. Be@sgating IGFBP-5 competes for ALS
with IGFBP-3 but not other IGFBPs [25], we also swe&d circulating IGFBP-3. Deletion of
Pappa2 dramatically reduced levels of IGFBP-3, usually gfiedominant IGFBP in circulation
[4], consistent with previous studieslgfbp5 deletion or overexpression [20, 22, 23].
Furthermore, IGFBP-3 was also reduced by adultipeeletion ofPappa2, indicating that
this effect was not due to compensation for reddnmety size. The decrease in circulating
IGFBP-3 was not accompanied by decreased levetflmd3 mRNA in the liver or kidney,
consistent with the hypothesis that the reductiolGFBP-3 was due to sequestration of IGF-I
and/or ALS by excess IGFBP-5, rendering IGFBP-3arsusceptible to degradation.

While deletion ofPappa2 would be expected to have effects similakgitop5

overexpression, these studies [22, 23] did notrtegftects on glucose metabolism or adiposity.
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SincePappa2 deletion also reduced IGFBP-3 levels substantitiig manipulation might be
similar tolgfbp3 deletion. As with gfbp3 null mice on a chow diet [21], we found no effett
Pappa2 deletion on fasting glucose levels or glucosereleee in a glucose tolerance test. On a
high-fat diet,Igfbp3 null mice had higher fasting blood glucose andlindevels and lower
epididymal fat pad weight than controls, while gise clearance was unaffectedi gipp3
deletion [27]. In contrasRappa2 deletion did not affect fasting blood glucoseuiirslevels or
adiposity on a high-fat diet. Deletion Béppa, a paralog oPappa2 that encodes a protease of
both IGFBP-4 and -5, had no effect on fasting ghecor insulin levels or glucose clearance [39].
In Pappa deletion mice on a high-fat diet, there were réidas in the weights of some fat
depots, particularly in females, although thesesvegralysed as percentage of body weight [40].

After 8 weeks on a high-fat did®appa2 deletion mice gained less weight than controls
and had lighter fat depots in absolute terms. @niyil as a proportion of body weigifappa2
deletion mice also gained less weight than contesld had a decreased total weight of fat
depots, although this latter difference was maityimeon-significant (P = 0.07). In contrast,
when adjusting for body weight by including thismeas a covariate rather than using
proportions, there was no effect of genotype orghtegain or the total weight of fat stores. The
discrepancy between our analyses using proporéindshose adjusting for body weight as a
covariate illustrates the pitfalls of using rattosadjust for body weight. The use of ratios isyonl
valid if the relationship between the trait of r@st and body size is isometric, i.e., that it is
linear and passes through the origin [41].

There is interest in IGFBPs as therapeutic targetise treatment of diabetes and obesity,
but our knowledge of the effects of individual campnts of the IGF system and their

interactions is limited [42]. We deleted an IGFB®Btpase, and therefore manipulated relative
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IGFBP levels without inducing pharmacological efsepotentially observed in overexpression
studies. Deletion dPappa2 in mice increased circulating IGFBP-5 levels, aseeted, and also
decreased circulating IGFBPBappa2 deletion increased IGF-I levels, but decreasethptal
growth, as observed ligfbp5-overexpressing mice [23]. In both of these studies reason for

the increased IGF-I levels remains unknown

Despite the dramatic disruption of the balance betwcirculating IGF-1, IGFBP-3 and -
5, we found no effects ¢tappa2 deletion on glucose metabolism, either on a stahdaow diet
or a high-fat diet. There were no effectfappa2 deletion on weight gain on a high-fat diet, or
the total weight of fat depots, when correctinglfody size. Because we delefappa?
globally, we cannot rule out the possibility thae ieffects of PAPP-A2 on circulating IGFBP
levels may have been counteracted by effects @l twccirculating IGF-1 bioavailability, IGF-

independent pathways, or even IGFBP-5 independehivays [43].
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Figure 1. (A) Growth of mice homozygous feappa2 disruption Pappa2“®“°; open circles),
heterozygousRappa2™“®; half-filled circles), or homozygous for the flax®appa2 allele
(Pappa2™: filled circles). Values are least squares meastandard error from a general linear
model including effects of genotype, sex and ljtter:, males and females are pooled. (B)
Growth prior to tamoxifen administration of miceagang the tamoxifen-inducibl€re-ERT2
transgene and homozygous for the flofgagpa2 allele Pappa2™”; open circles) or

homozygous for the wild-type allelegppa2"’™; filled circles). Values are least squares means
+ standard error from a general linear model incigekffects ofPappa2 genotypeCre-ERT2
genotypePappa2* Cre-ERT2 interaction, sex and litter, i.e., males and feasare pooled. For
clarity, littermates heterozygous for tReppa2 allele Pappa2™™) or not carrying th€re-ERT2

transgene are not presented (see Supplemental Zable
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Figure 2. Partial disruption of tHappa2 gene inPappa2™; Cre-ERT2 individuals collected 7

weeks after tamoxifen injection, as shown by PCRIditation of both the floxed (upper) and

deletion (lower)Pappa2 alleles in a female (upper) and male (lower).
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Figure 3. Glucose tolerance test in (A) 11 weekmbédes and females fed a chow diet and (B)

25 week old males fed a high-fat diet in mice hoygoais forPappa2 disruption Pappa2©®;

open circles), heterozygouBappa2™“®: half-filled circles), or homozygous for the flaxe

Pappa2 allele Pappa2™; filled circles). Values are least squares measgedard error from a

general linear model including effects of genotyge, and batch of testing (for mice on chow)

or genotype only (for mice on high-fat diet).
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Table 1. Components of the IGF pathway in mice ¢mygous forPappa2 disruption
(Pappa2“9*©), heterozygousRappa2"“°), or homozygous for the floxeRbppa2 allele

(Pappa2™™), from crosses between mice heterozygous foP#ppa2 disruption.

Pappa2“”*®  Pappa2"™® Pappa2™" P-value
Blood analytes measured at
6 weeks
IGFBP-5 (ng/mL) 193 +2 126 + % 99 + £ 0.0001
IGFBP-3 (ng/mL) 56 + 24 604 + 3¢ 833 + 27 0.0001
IGF-1 (ng/mL) 945 + 24 631 + 3f 581 + 28 0.0001
Circulating and mRNA
levels of IGFBPs at cull
IGFBP-5 (ng/mL) 130 +%7 90 + & 0.0011
Liver Igfbp5 mRNA? 1.6+0.4 2.6+0.3 0.07
Kidney Igfbp5 mRNA? 743125 87.3+11.7 0.46
IGFBP-3 (ng/mL) 42 + 19 260+ 9 0.0001
Liver Igfbp3 mRNA? 1.1+0.5 1.9+0.5 0.27
Kidney Igfbp3 mRNA? 67.1+11.4 49.9 +10.6 0.29

! The P-value is for the overall effect of genot§qwen a general linear model including effects
of genotype, sex and litter (blood analytes at &ksg or genotype and sex only (traits at cull).
Values are least squares means * standard eradue¥/with different superscripts are
significantly different using the Tukey-Kramer asljonent for multiple comparisons.

> mRNA units are fold-difference compared to a refiee sample and corrected feactin.
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581 Table 2. Body weight and circulating IGFBP-5 a@dFBP-3 levels in adult-specifleappa2
582  deletion mice Pappa2™™) and controlsRappa2"’™), all carrying the tamoxifen-inducibl@re-

583 ERT2transgene, 7 weeks after the first tamoxifen tnpec

Pappa2™" Pappa2"™" P-value
Weight (g) 27.49+0.63 26.71+054 0.39
IGFBP-5 (ng/mL) 157 £ 15 124 +13 0.12
IGFBP-3 (ng/mL) 258 + 26 390 + 23 0.0026

584 The P-value is for the overall effect of genotypenf a general linear model including effects
585  of genotype, sex and litter. Values are least spuaneans * standard error.

586
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587 Table 3. Baseline glucose and measures of gludeaeance in mice homozygous feappa2
588  disruption Pappa2®®), heterozygousRappa2™ ®), or homozygous for the floxe@appa2

589 allele Pappa2™™), from crosses between mice heterozygous foP#ppa2 disruption.

PappaZKO/KO PappazﬂlKO Pappazﬂlﬂ P'VaIUé

On chow diet

Baseline blood glucose 9.4+0.2 9.3+£0.3 9.3+£0.3 0.92
(mmol/L)
Glucose tolerance test AUC 29.4+0.5 30.3£0.6 29.3+0.7 0.47

(mmol*hour/L)
Glucose tolerance test 10.6 £ 0.5 11.7 £ 0.6 10.8 £ 0.7 0.41

piIAUC (mmol*hour/L)

On high-fat diet

Baseline blood glucose 13.0+£1.1 13.7+1.0 0.67
(mmol/L)

Baseline insulin (ng/mL) 3.4+05 3405 0.99
Glucose tolerance test AUC 60.1 +4.4 61.3+4.4 0.85

(mmol*hour/L)
Glucose tolerance test 341+3.1 335+3.1 0.91

piIAUC (mmol*hour/L)

590 " The P-value is for the overall effect of genotygmen a general linear model including effects
591  of genotype, sex and batch (i.e., the day on wthiehglucose tolerance test was performed, to
592  account for variation between test days) or geretyqy (for traits measured on high-fat diet).

593  Values are least squares means * standard error.
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594

595

Table 4. Fat depots from mice homozygousFappa2 disruption Pappa2<“*®) or

heterozygous for the disrupted and floxed alleReppa2™ ) fed a high-fat diet.

Fat depot Pappa2“”*®  Pappa2""® P-value
Gonadal

Percentage of body weight 41+0.3 45+0.3 0.19
Absolute weight (g) 1.3+£0.1 1.8+£0.1 0.002
Weight, controlling for body weight (§) 1.5 +0.1 1.6+0.1 0.58
Retroperitoneal

Percentage of body weight 1.0+£0.1 14+ 0.1 @400
Absolute weight (g) 0.31+0.03 0.57 £0.03 0.0001

Weight, controlling for body weight () 0.38 +0.04 0.50+0.04 0.13

Omental
Percentage of body weight 0.10 £0.03 0.15+0.03 .200
Absolute weight (g) 0.03+0.01 0.06 £0.01 0.08

Weight, controlling for body weight (§) 0.07 +0.01 0.03+0.01 0.13

Mesenteric
Percentage of body weight 1.4+£0.2 15+£0.2 0.79
Absolute weight (g) 0.45 +0.08 0.60 £ 0.08 0.21

Weight, controlling for body weight (§) 0.73 +0.07 0.34 +0.07 0.005

Sum of fat depots

Percentage of body weight 6.5+ 04 7.6+£04 0.07
Absolute weight (g) 21+£0.2 3.0£0.2 0.0013
Weight, controlling for body weight (4) 2.7 + 0.2 25+0.2 0.54
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596 ' Values are least squares means + standard esroraigeneral linear model including genotype
597 and body weight as a covariate.

598
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599  Supplementary Table 1. Growth phenotypes in offfigpnomozygous foPappa2 disruption
600 (Pappa2“?*©), heterozygousRappa2™ ), or homozygous for the floxdehppa2 allele

601  (Pappa2™™), from crosses between mice heterozygous foP#ppa2 disruption.

Pappa2“”*®  Pappa2"™® Pappa2™" P-value
Postnatal growth
3 week weight (g) 8.00+0.25 9.36+0.28 10.10+0.28  0.0001
3 week tail length (cm) 5.06+0b4 550+0.08 564+0.04 0.0001
6 week weight (g) 16.77 +0.29 19.59 + 0.2 20.56 +0.36  0.0001
6 week tail length (cm) 6.74+0b4 7.36+0.08 7.47+0.08 0.0001
10 week weight (g) 20.03+0.2923.12+0.284 23.92+0.38 0.0001
10 week tail length (cm) 7.31+003 8.00+0.08 8.11+0.08 0.0001
14 week weight (g) 20.53+0.42 2451 +0.30 25.66+0.44 0.0001
14 week tail length (cm) 7.37+004 8.21+0.08 829+0.08 0.0001

602 " The P-value is for the overall effect of genotymmen a general linear model including effects
603  of genotype, sex and litter. Values are leasti®mguameans + standard error. Values with
604 different superscripts are significantly differersing the Tukey-Kramer adjustment for multiple

605 comparisons.
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606

607

608

609

610

611

612

613

Supplementary Table 2. Growth phenotypes in offgpirom matings between mice

heterozygous for the floxed allele and carryingtdmaoxifen-inducible transgenBappa2"™;

Cre-ERT2) and mice heterozygous for the conditional al{Bappa2"’™). Values are least

squares means = standard error from a general Imedel including effects dPappa2

genotypeCre-ERT2 genotypePappa2* Cre-ERT2 interaction, sex and littefPappa2 genotype,

Cre-ERT2 genotypePappa2* Cre-ERT2 interaction were not significant for any trait¥F.15 in

all cases).
Cre-ERT2 Pappa2™" Pappa2™™ Pappa2"™"
transgene
3 week weight (g) 10.25 + 0.26 9.86 + 0.23 102521
9.99 +0.26 10.08 £ 0.18 9.80+0.22
3 week tail length (cm) 5.78 + 0.06 5.80 £ 0.05 .80+ 0.04
5.73+0.05 5.78 £ 0.04 5.82 +0.05
6 week weight (g) 19.46 £ 0.34 19.08 +0.30 193028
19.63 +0.34 19.45 +0.23 18.83 £ 0.28
6 week tail length (cm) 7.40 + 0.06 7.41 +0.05 427+ 0.05
7.37 +£0.06 7.48 +0.04 7.39 £ 0.05
10 week weight (g) 23.26 +0.41 22.41 +0.35 73:®.30
22.67 £0.37 22.57+0.31 22.49+0.31
10 week tail length (cm) 7.96 + 0.07 7.95+0.06 7.99+0.05
7.91 + 0.06 8.01 +£0.05 7.96 + 0.05
14 week weight (g) 2454 +0.48 24.00 £ 0.40 P4:0.36
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14 week tail length (cm)

18 week weight (g)

18 week tail length (cm)

2421 +0.44

8.17 £ 0.07

8.12 £ 0.06

25.22+0.41

25.29 +0.37

8.30 + 0.07

8.28 £ 0.07

24.32 + 0.36 23.97 +£0.36
8.16 +0.06 8.17 +0.05
8.24 £ 0.05 8.17 £ 0.05
2492 +0.34 253).30
25.43 +0.36 2479 +0.31
8.28+0.06 8.31+0.05

8.37 £0.07 8.28 £ 0.06
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